precluded definitively assigning BDNF a direct role in LTP. Here, using hippocampal slices from BDNF knockout mice (Ernfors et al., 1994) , we have identified and characterized deficits in both basal synaptic transmission and in LTP at the Schaffer collateral-CA1 synapse. Treatment of mutant slices with recombinant BDNF significantly improves the deficit in basal synaptic transmission and completely reverses the deficit in LTP. Thus, these deficits do not simply reflect developmental consequences of the BDNF knockout, but rather reflect an acute requirement for BDNF in ongoing synaptic function in the hippocampus.
Results

BDNF Knockout Mice Have Defects in Synaptic Function
We began looking for functional deficits in the BDNF mutant mice by examining basal synaptic transmission at the Schaffer collateral-CA1 synapse in hippocampal slices ( Figure 1 ). Using extracellular field recording, we generated input-output curves in two ways. First, we plotted the stimulus voltage (Vstim) against the slope of the field excitatory postsynaptic potential (field EPSP) to provide an initial indication of differences in the response to stimuli of a given intensity. Second, we compared the size of the presynaptic fiber volley (PSFV), which is proportional to the number of presynaptic neurons recruited by stimulation, with the slope of the field EPSP to provide a more accurate indication of basal synaptic transmission.
By these means, we found that basal synaptic transmission was reduced in the BDNF mutant mice and that this reduction in basal synaptic transmission reflected gene dosage ( Figure 1A ). Homozygotes (on average, 37% Ϯ 1% of wild type) were more severely compromised than heterozygotes (65% Ϯ 1% of wild type), which were compromised relative to wild-type littermates. Presynaptic fiber volleys were smaller in the BDNF homozygous mutant mice than in the wild-type mice ( Figure 1B) , suggesting that the mutants had fewer presynaptic neurons firing action potentials. This may be because there are fewer neurons, although BDNF homozygous mutant mice do not suffer from significant shown. Mean maximal PSFV size (bars) is reduced in slices from
We next examined two forms of synaptic plasticity BDNF knockouts (p < 0.03; n ϭ 9 slices, 8 mice for wild type; n ϭ at the Schaffer collateral-CA1 synapse. Paired-pulse 7 slices, 6 mice for homozygotes).
facilitation (PPF) is a presynaptic form of short-term (C) The ratio of the field EPSP slope to the PSFV amplitude over a plasticity in which the synaptic response to the second range of stimulus strengths. Means shown are for all of the individual of a pair of closely spaced stimuli is increased due to ratios from all slices (n ϭ 45 ratios, 9 slices, 8 mice for wild types; n ϭ 35 ratios, 7 slices, 6 mice for homozygotes; p < 0.04). Error residual Ca 2ϩ in the presynaptic nerve terminal from the bars indicate SEM.
first stimulus adding to the influx of Ca 2ϩ from the second stimulus (Katz and Miledi, 1968) . PPF was reduced in BDNF knockout mice relative to wild-type littermates Field EPSP slopes plotted as percent of pretetanus baseline. Each of Hippocampal Slices from 2-to 3-Week-Old BDNF Knockout Mice point represents the mean Ϯ SEM (n ϭ 15 slices, 9 mice for wild The plot shows the percentage of facilitation (the second field EPSP type; n ϭ 12 slices, 7 mice for heterozygotes; n ϭ 11 slices, 7 mice slope expressed as a percentage of the first field EPSP slope) obfor homozygotes). tained with three interstimulus intervals: 200 ms, 100 ms, and 50 ms. The differences between wild-type and homozygote values are significant for 50 and 100 ms intervals between stimuli (n ϭ 17 slices, 7 mice for wild types; n ϭ 13 slices, 8 mice for heterozygotes; n ϭ transmission or LTP in mutant slices ( Figure 4A ). We also 11 slices, 7 mice for homozygotes; p < 0.03).
failed to see an enhancement of synaptic transmission in BDNF-treated slices from 2-to 3-week-old wild-type ( Figure 2 ) (50 ms delay; homozygotes ϭ 166% Ϯ 5%, C57BL/6J and 129/SVJ mice using our experimental heterozygotes ϭ 173% Ϯ 10%, wild types ϭ 192% Ϯ conditions (data not shown). 7%, p < 0.03). Deficits in PPF may result from reduced To maximize our chances of rescuing the deficits of mobilization of Ca 2ϩ or alterations in the probability of BDNF mutants in synaptic function, we tried significantly neurotransmitter release. Both homozygotes and hetlonger incubations with BDNF. When we incubated hiperozygotes were equally deficient in posttetanic potentipocampal slices from BDNF homozygous mutant mice ation (PTP) and LTP relative to wild-type littermates (Fig- with exogenous BDNF for 5-8 hr, they showed only ure 3) (immediately after stimulus trains, homozyslightly improved basal synaptic transmission (Figure gotes ϭ 157% Ϯ 6%, heterozygotes ϭ 165% Ϯ 9%, 5A). However, after incubation for 12-15 hr ( Figure 5A ), wild types ϭ 217% Ϯ 14%, p < 0.0005; and after 1 hr, the mean maximal field EPSP slope of the BDNF-incuhomozygotes ϭ 110% Ϯ 5%, heterozygotes ϭ 116% Ϯ bated slices was significantly greater than that of the 6%, wild types ϭ 140% Ϯ 7%, p < 0.006).
saline-incubated slices (183% Ϯ 24%, p < 0.05) and was Neither the experiments we have described above, comparable to that of the naive slices from heterozygous nor those of Korte et al. (1995) can eliminate the possibilmice (p > 0.7). Surprisingly, in contrast with the partial ity that the observed deficits in synaptic physiology rerescue of basal synaptic transmission, LTP was comsult from the lack of BDNF during development. Howpletely rescued by exogenous BDNF (Figure 4 ). Moreever, the deficit in LTP is equally severe in heterozygotes over, the rescue of LTP was more rapid than the rescue and homozygotes, suggesting that BDNF may acutely of basal synaptic transmission, with some improvement influence LTP, since the heterozygotes are much less evident after 2-4 hr ( Figure 4B ), and complete rescue impaired than the homozygotes in basal synaptic transoccurring within 5-8 hr ( Figure 4C ; 1 hr after tetanus, mission and PPF. One way to differentiate between percent of baseline: BDNF-treated ϭ 136% Ϯ 7%, sathese possibilities and gain a clearer understanding of line-treated ϭ 108% Ϯ 6%; p < 0.01; this increase was the deficiencies in the BDNF mutants is to attempt to to levels comparable to those seen in wild-type slices: rescue these defects by treating mutant slices with re-140% Ϯ 7%; p > 0.7). combinant BDNF.
The findings that BDNF rescues LTP completely, whereas basal synaptic transmission was only partially Exogenous BDNF Rescues Deficits rescued, and that the rescue of LTP was much more in Synaptic Function rapid than the partial rescue of basal synaptic transmisWe initially tried short bath applications of recombinant sion suggest that the mechanisms involved are to some BDNF (30 min to 2 hr), since 30 min applications of extent dissociable. Since LTP is completely rescued well BDNF or NT-3 have been found to enhance synaptic before basal synaptic transmission shows any signifitransmission in Schaffer collateral-CA1 synapses in cant improvement, it seems unlikely that the deficit in submerged hippocampal slices from adult rats (Kang LTP is simply a reflection of impaired basal synaptic and Schuman, 1995). However, using an interface chamtransmission, particularly since the mice analyzed by ber, we found that BDNF treatments of this length produced no significant improvements in basal synaptic Korte et al. (1995) had a very similar deficit in LTP with Mean percentages of baseline values of field EPSP slopes before and after tetanus in naive slices from wild-type (n ϭ 15 slices, 9 mice) and homozygous BDNF mutant mice (n ϭ 11 slices, 7 mice), and in slices from mice homozygous for the BDNF knockout after incubation of the slices with BDNF for 30-120 min (n ϭ 5 slices, 5 mice) (A); 2-4 hr (n ϭ 4 slices, 4 mice) (B); and 5-8 hr (n ϭ 11 slices, 9 mice) (C).
Comparison of values in slices from mice homozygous for the BDNF knockout after incubation of the slices with physiological saline for 5-8 hr (n ϭ 7 slices, 7 mice) with those in naive slices (n ϭ 11 slices, 7 mice).
no impairment of basal synaptic transmission. Instead, 161% Ϯ 8%, BDNF-treated wild type ϭ 125% Ϯ 6%, untreated wild type ϭ 140% Ϯ 7%; p ϭ 0.05). There are it appears that BDNF may be acutely required for some component of LTP.
several possible explanations for the enhancement of LTP beyond wild-type levels in treated heterozygote but The reversal of the deficits in basal synaptic transmission in the BDNF knockout mice could represent a true not wild-type slices. One possibility is that the slices from the heterozygotes may have an abnormal trkB rerescue of BDNF-dependent defects, or an enhancement of transmission via mechanisms that may be mediated ceptor profile that renders them abnormally responsive to BDNF. Future studies will be necessary to determine by BDNF in the normal adult hippocampus, or both. Treatment with BDNF for 5-8 hr did not enhance basal whether this is the case. synaptic transmission (Figure 5B ), or LTP in slices from wild-type littermates of the BDNF mutant mice (Figure Exogenous BDNF Penetrates Only Slowly into Hippocampal Slices 6B). Interestingly, LTP levels in slices from heterozygotes treated with BDNF tended to be somewhat higher
The long incubations (5-8 hr) of mutant slices necessary to rescue the deficits in synaptic function leave open than those in wild-type slices ( Figure 6A ; 1 hr after tetanus, percent of baseline: BDNF-treated heterozygote ϭ the question of why the rescue takes so long. The delay (A) Maximum field EPSP slopes in slices from homozygous BDNF mutant mice after incubation of the slices with either BDNF (n ϭ 7 slices, 5 mice) or physiological saline (n ϭ 9 slices, 6 mice) for 12-15 hr. Maximal field EPSP slopes in BDNF-treated slices are significantly different from those in salinetreated slices (p < 0.05) and are comparable to those in naive slices from heterozygotes (p > 0.7).
(B) Maximum field EPSP slopes in slices from homozygous (n ϭ 8 slices, 6 mice) and heterozygous (n ϭ 6 slices, 6 mice) BDNF mutant, and wild-type (n ϭ 11 slices, 9 mice) mice after incubation of the slices with BDNF for 5-8 hr.
could be due to the time required for sufficient BDNF Discussion to penetrate into the slice. BDNF, like the other neurotrophins, is an unusually sticky molecule (isoelectric Our data support the view (reviewed by Lo, 1995; that the neurotrophins play a direct role point ϭ 9.99; Leibrock et al., 1989) and travels even less well than the other neurotrophins in the CNS, presumin activity-dependent synaptic plasticity in the hippocampus. We find that both basal synaptic transmission ably because of the abundance of trkB receptors (Yan et al., 1994; Anderson et al., 1995) . Alternatively, the and several forms of synaptic plasticity, including LTP, are deficient at the Schaffer collateral-CA1 synapse in processes that underlie the rescue may actually require a few hours to occur. To gain a clearer understanding hippocampal slices from BDNF knockout mice. Importantly, treatment of the slices from BDNF knockout mice of the delayed response to BDNF, and ultimately of the mechanisms underlying the rescue, we undertook an with recombinant BDNF significantly improves the deficits in basal synaptic transmission and completely readditional series of experiments designed to track the rate of BDNF penetration into slices.
verses the deficits in LTP. By combining pharmacological and genetic studies, we have demonstrated the We exposed homozygote slices to exogenous BDNF for various intervals and then stained with antibodies importance of BDNF for ongoing synaptic function above and beyond any developmental effect it may have against BDNF and found that the penetration of BDNF into the slice is slow (Figure 7) . Faint labeling for BDNF in establishing the number and strength of synapses in the hippocampus. In a larger sense, our work illustrates is detectable using confocal microscopy at a depth of 20 m after 1.5 hr, but the intensity of the labeling continthe value of rescue experiments in distinguishing between a developmental and an acute requirement for ues to increase gradually over several hours. Thus, at least part of the time required for the rescue represents an extracellular protein in synaptic function. Because the rescue of LTP was complete and much the time required for the penetration of BDNF into the slice, an observation that strengthens the case that more rapid than the partial rescue of basal synaptic transmission, it is unlikely that the deficit in LTP was BDNF does play a direct role in LTP. The pattern of anti-BDNF labeling appears very similar to that seen with simply a reflection of impaired basal synaptic transmission. In mice with a similar null allele at the BDNF locus, endogenous BDNF (data not shown), suggesting that the exogenous BDNF is acting on the same systems as Korte et al. (1995) reported deficits in LTP similar to those we observed. They did not, however, observe any does endogenous BDNF in wild-type animals. Mean percentages of baseline values of field EPSP slopes before and after tetanus in naive slices from wild-type (n ϭ 15 slices, 9 mice) and heterozygous BDNF mutant mice (n ϭ 12 slices, 7 mice), and in slices from mice heterozygous for the BDNF knockout incubated with BDNF for 5-8 hr (n ϭ 5 slices, 5 mice) (A) and wild-type littermates of the mutant mice incubated with BDNF (n ϭ 6 slices, 6 mice), or saline (n ϭ 5 slices, 5 mice) for 5-8 hr (B). deficits in basal synaptic transmission or PPF. Because important information about the mechanisms by which BDNF influences synaptic transmission. A similar effect of genetic background influencing phenotype is evident more effective. Although activity-dependent release of the neurotrophin NGF from hippocampal neurons has in the EGF receptor (Threadgill et al., 1995; Sibilia and Wagner, 1995) and in the PKC␥ knockout mice (Abeliorecently been reported (Blö chl and , there is as yet very little data on subcellular localization vich et al., 1993).
The alterations in synaptic strength that we observed of trk receptors, or on the possible localized secretion of neurotrophins. However, McAllister et al. (1995) find in response to BDNF were slow, reflecting the gradual penetration of BDNF into our slices. Activity-dependent, that pyramidal cell dendrites respond differently to individual neurotrophins in different layers of the developing localized release of endogenous BDNF might be much visual cortex. The exogenously applied neurotrophins (Purves, 1988) . Several lines of evidence have demonstrated that the cAMP pathway plays a central role in did not simply enhance dendritic growth, but specifically modulated distinct patterns of dendritic arborization. memory storage in Drosophila, Aplysia, and rodents (reviewed by Kandel and Abel, 1995) . As increased cAMP These results suggest that, at least in the visual system, the morphological refinements associated with alterlevels are implicated in LTP at the Schaffer collateral-CA1 synapse (Frey et al., 1993; Matthies and Reymann, ations in neurotrophin levels may be much more specific and complex than initially realized, suggesting localized 1993; Huang and Kandel, 1994; Blitzer et al., 1995; Nguyen et al., 1994) , it is possible that an activity-dependent patterns of neurotrophin release and response.
Activity-dependent changes in BDNF and trkB mRNA increase in cAMP also primes hippocampal neurons for enhanced responsiveness to neurotrophins. Our demlevels could contribute to localized, lasting changes in synaptic strength in the hippocampus. The induction of onstration of a rescuable deficit in LTP in the hippocampus of BDNF knockout mice underscores the impor-LTP at the Schaffer collateral-CA1 (Patterson et al., 1992) or perforant path-dentate granule cell (Carsté n tance of BDNF in activity-dependent synaptic plasticity and highlights the potential utility of this system for et al., 1993; Dragunow et al., 1993) synapses evokes increases in BDNF mRNA levels that are limited to the further investigation of the mechanisms of BDNF action. stimulated regions. Neural activity also increases the expression of trkB receptors in the hippocampus (Merlio Experimental Procedures et al., 1993) . The neurotrophins can, in turn, up-regulate the expression of their receptors (e.g., Verge et al., 1992) .
BDNF Knockout Mice
The BDNF mutant mice were obtained from breeding pairs in our
In the hippocampus, the trkB receptor is extensively colony, which is derived from heterozygote mutant mice provided coexpressed with BDNF, and at least some neurons by P. Ernfors and R. Jaenisch (Ernfors et al., 1994 ; see also Jones express both receptor and neurotrophin. Thus, activated et al., 1994) . The BDNF knockout is maintained on a mixed 129/ter SV neurons may produce more neurotrophic factor, which and BALB/c genetic background (Ernfors et al., 1994 memory: long-term potentiation in the hippocampus. Nature 361, Freshly cut slices from 2-to 3-week-old BDNF knockout mice were 31-39. incubated in an oxygenated interface chamber at 28ЊC in either 100 ng/ml BDNF in saline solution, or saline alone for various lengths of Blitzer, R.D., Wong, T., Nouranifar, R., Iyengar, R., and Landau, E.M. time. Fresh recombinant BDNF (gift of Regeneron) or saline solutions (1995) . Postsynaptic cAMP pathway gates early LTP in hippocampal were introduced 30 min prior to the start of recording, and recordings CA1 region. Neuron 15, 1403-1414. were made in these solutions.
Blö chl, A., and . Characterization of nerve growth For the longest BDNF incubations, freshly cut slices from 2-to factor (NGF) release from hippocampal neurons: evidence for a con-3-week-old homozygous BDNF mutants were treated in one of two stitutive and an unconventional sodium-dependent regulated pathways. For the first method, alternate slices were incubated in an way. Eur. J. Neurosci. 7, 1220-1228. oxygenated interface chamber at 28ЊC in either 100 ng/ml BDNF in Cabelli, R., Hohn, A., and Shatz, C.J. (1995) . Inhibition of ocular saline solution, or saline alone overnight (12-15 hr) prior to the start dominance column formation by infusion of NT-4/5 or BDNF. Sciof recording. Fresh BDNF or saline solutions were introduced 30 ence 267, 1662-1665. min prior to the start of recording, and recordings were made in these solutions. For the second method, alternate slices were incubated in Carsté n, E., Pitkä nen, M., Sirviö , J., Parsadanian, A., Lindholm, D., Thoenen, H., and Riekkinen, P.J. (1993) . The induction of LTP ina secondary oxygenated interface chamber at 28ЊC in either 100 ng/ml BDNF in saline solution, or saline alone overnight (12-15 hr).
creases BDNF and NGF but decreases NT-3 in the dentate gyrus. Neuroreport 4, 895-898. They were transferred to fresh solutions in the recording interface chamber at 28ЊC and allowed 30 min to recover before recording Chao, M. (1992) . Neurotrophin receptors: a window into neuronal was begun.
differentiation. Neuron 9, 583-593.
